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ABSTRACT
Observational information on high-energy astrophysical neutrinos is being continuously collected by
the IceCube observatory. However, the sources of neutrinos are still unknown. In this study, we use
radio very-long-baseline interferometry (VLBI) data for a complete VLBI-flux-density limited sample
of active galactic nuclei (AGN). We address the problem of the origin of astrophysical neutrinos with
energies above 200 TeV in a statistical manner. It is found that AGN positionally associated with
IceCube events have typically stronger parsec-scale cores than the rest of the sample. The post-trial
probability of a chance coincidence is 0.2 %. We select the four strongest AGN as highly probable
associations: 3C 279, NRAO 530, PKS 1741−038, and OR 103. Moreover, we find an increase of radio
emission at frequencies above 10 GHz around neutrino arrival times for several other VLBI-selected
AGN on the basis of RATAN-600 monitoring. The most pronounced example of such behavior is
PKS 1502+106. We conclude that AGN with bright Doppler-boosted jets constitute an important
population of neutrino sources. High-energy neutrinos are produced in their central parsec-scale re-
gions, probably in proton-photon interactions at or around the accretion disk. Radio-bright AGN
that are likely associated with neutrinos have very diverse γ-ray properties suggesting that γ-rays and
neutrinos may be produced in different regions of AGN and not directly related. A small viewing angle
of the jet-disk axis is, however, required to detect either of them.
Keywords: neutrinos – galaxies: active – galaxies: jets – quasars: general – radio continuum: galaxies
1. INTRODUCTION
Extraterrestrial neutrinos with energies E & 50 TeV
have been convincingly observed by the IceCube exper-
iment since 2012 (Aartsen et al. 2013a; IceCube Col-
laboration 2013; for the most recent updates see Aart-
sen et al. 2019). In 2019, the Baikal–GVD (Gigaton
Volume Detector) experiment reported on the first few
E > 100 TeV neutrino candidates (Avrorin et al. 2019),
opening the way to test the IceCube observation from
the Northern hemisphere. Indications to the astrophys-
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ical high-energy neutrino flux were also found by the
ANTARES experiment (Fusco & Versari 2019). De-
spite these various observations, the origin of the en-
ergetic astrophysical neutrinos remains unknown (for
a review, see, e.g., Ahlers & Halzen 2018). Since the
arrival directions of the neutrinos do not demonstrate
any significant Galactic anisotropy (see, e.g., Troitsky
2015; Albert et al. 2018), their origin in extragalactic
sources is often assumed. Active galactic nuclei (AGN)
were discussed as potential neutrino emitters long be-
fore the neutrino detection (Berezinsky 1977; see also,
e.g., Eichler 1979; Berezinskii & Ginzburg 1981 for sub-
sequent early studies). Further interest in this class of
sources was sparked by the observation of a γ-ray flare
of the blazar TXS 0506+056 in a directional and, to
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a certain precision, temporal coincidence with the neu-
trino event 170922A detected by IceCube (Aartsen et al.
2018a). This event was supplemented by an excess of
lower-energy neutrinos from the same direction found in
the archival data (Aartsen et al. 2018b). Nevertheless,
the origin of the entire population of the observed neu-
trinos in AGN is strongly constrained (see, e.g., Murase
& Waxman 2016; Murase et al. 2018; Yuan et al. 2020,
and Section 4.3 of the present paper).
However, joint analyses of the IceCube data sets ob-
tained with various experimental techniques reveal a
possibility that the observed astrophysical neutrino flux
is formed by two distinct components, a softer one dom-
inating the flux at E ∼ 50− 100 TeV and a harder one,
which is important above E ∼ 200 TeV (Palladino &
Vissani 2016; Ahlers & Halzen 2018). Strong constraints
on the origin of the entire population of neutrinos in ac-
tive galaxies are relaxed for the hard component con-
sidered alone, so the origin of the dominant part of the
observed neutrinos above ∼200 TeV in powerful AGN
probably remains the best option. In the present study,
we concentrate on this higher-energy component of the
neutrino flux.
It is usually assumed that high-energy neutrinos are
produced in decays of charged pi mesons, which are born
as secondary particles in interactions of energetic pro-
tons with ambient matter or radiation. The acceler-
ation of such protons and the presence of sufficiently
abundant targets are, therefore, the key conditions for
the neutrino production. In principle, they may be real-
ized in various parts of AGN, and two general classes of
models are considered with the neutrino production zone
located either in the central (accretion disk, jet launch-
ing and acceleration region, broad-line region) or in the
extended (kiloparsec-scale jets, blobs, lobes, hot spots)
parts of a galaxy; see, e.g., reviews by Murase (2017);
Me´sza´ros (2017); Bo¨ttcher (2019); Cerruti (2019) and
the references therein. It is a non-trivial task to distin-
guish between these two scenarios observationally be-
cause the poor angular resolution of astronomical instru-
ments, especially those working at high energies, pre-
vents one from direct localization of the regions where
the radiation co-produced with neutrinos comes from.
In addition, a low directional resolution of neutrino ex-
periments and a high rate of atmospheric background
events make the association of detected neutrinos with
particular candidate sources challenging.
The aim of the present work is to alleviate these dif-
ficulties and to obtain direct observational evidence in
favor of one of the scenarios. To distinguish between
central and outer parts of active galaxies, we use very-
long-baseline interferometric (VLBI) radio observations
capable to resolve central parsecs of AGN even at cos-
mological distances, whereas the problem of source as-
sociations is addressed by a statistical approach. Note
that the accretion disk is invisible in the radio, with the
jet acceleration and collimation zone being resolved only
for the nearby AGN (Kovalev et al. 2019). However, ac-
tivities observed in the apparent jet base by VLBI with
a typical resolution in the plane of the sky of about
1 pc are shown to be good tracers of what is happening
in and around the nucleus (e.g., Marscher et al. 2002;
Pushkarev et al. 2010).
The rest of the paper is organized as follows. In Sec-
tion 2, we introduce the data sets used in our analysis:
the IceCube neutrino events (Section 2.1), the VLBI
observations (Section 2.2), and the radio monitoring
archive (Section 2.3). Section 3 presents the descrip-
tion and the results of the performed statistical analyses.
In Section 4, we compare our results with the previous
studies and briefly discuss their implications for models
of high-energy astrophysical neutrino production. We
summarize our conclusions in Section 5.
2. DATA
2.1. IceCube Events
IceCube detects high-energy neutrino events of two
types: cascades and tracks. The former are seen as
showers that develop within the detector volume; the
energy of the primary neutrino is determined relatively
well but the arrival direction is uncertain. For the
latter, the situation is the opposite: relatively narrow
tracks pass through the detector; hence the angular res-
olution is normally of the order of 1◦, but some part
of the energy of secondary particles is left outside the
instrumental volume and the primary particle energy
is determined with large uncertainties. In the present
study, we concentrate on the track events because of
their better angular resolution. We are interested in
neutrinos with estimated energies E & 200 TeV because
it is the value above which, assuming two flux compo-
nents, the hard-spectrum component starts to dominate.
This can be seen, for instance, by comparison of the
best-fit spectra obtained by IceCube from the analy-
sis of starting events (more sensitive at lower energies)
and of Northern-hemisphere muon tracks (more sensi-
tive at higher energies), as reported by Aartsen et al.
(2019). Remarkably, this value E = 200 TeV is also the
threshold value for some published IceCube Northern-
hemisphere muon track data sets (Aartsen et al. 2016b,
2017a, p. 30), which provides an additional technical
motivation for this cut. Therefore, we fix the condition
E ≥ 200 TeV for all the tests discussed below. A study
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Table 1. IceCube high-energy neutrino events used in our analysis
Date Category E RA RA Error DEC DEC Error Reference
(TeV) (◦) (◦) (◦) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
2009-08-13 MUONT 480 29.51 +0.40 −0.38 1.23 +0.18 −0.22 Aartsen et al. 2016a
2009-11-06 MUONT 250 298.21 +0.53 −0.57 11.74 +0.32 −0.38 Aartsen et al. 2016a
2010-06-23 MUONT 260 141.25 +0.46 −0.45 47.80 +0.56 −0.48 Aartsen et al. 2016a
2010-09-25 MUONT 460 266.29 +0.58 −0.62 13.40 +0.52 −0.45 Aartsen et al. 2016a
2010-10-09 EHEA 660 331.09 +0.56 −0.72 11.10 +0.48 −0.58 IceCube Collaboration 2018; Aartsen et al. 2016a
Note— The set of all 56 IceCube events selected according to our criteria, see Section 2.1 for details and category notations.
This is a sample of five rows only, the complete table is available electronically.
of validity of our conclusions for less energetic neutrinos
is beyond the scope of the present paper.
The largest published IceCube data set of high-energy
track events is given by Extremely High Energy (EHE)
alerts and alert-like (EHEA) events. This data set in-
cludes events that passed the selection criteria (Aartsen
et al. 2017b) for the EHE type alerts issued by IceCube
between July 2016 and May 2019. The list of events be-
fore September 2017, including early events that arrived
before the launch of the alert system but satisfied the
same criteria, is published online1 (IceCube Collabora-
tion 2018). The details of similar events observed after
September 2017 are available through the Gamma-ray
Coordinates Network2 (GCN) and Astrophysical Multi-
messenger Observatory Network3 (AMON) notices4, see
also IceCube Catalogue of Astrophysical Neutrino Can-
didates5. For one event, we use the detailed information
from Aartsen et al. (2018a). By construction, the EHEA
events have a good angular resolution (the 90% contain-
ment area on the celestial sphere Ω90 < 10 sq. deg)
and high estimated energies (certainly above 200 TeV).
There are 33 events in this EHEA sample.
In order to use the largest available sample of highest-
energy neutrino events of similar quality, we supple-
ment the EHEA sample with 23 more events satisfy-
ing the following criteria: (i) track morphology, (ii)
E > 200 TeV, (iii) Ω90 < 10 sq. deg. These events
were selected from all the other publicly available Ice-
Cube event lists. They include High Energy Starting
Event (HESE) alerts and alert-like events (HESEA),
“GOLD” and “BRONZE” alerts from IceCube Collabo-
1 https://icecube.wisc.edu/science/data/TXS0506 alerts
2 https://gcn.gsfc.nasa.gov/gcn main.html
3 https://www.amon.psu.edu
4 https://gcn.gsfc.nasa.gov/amon.html
5 https://neutrino-catalog.icecube.aq
ration (2018) and GCN/AMON, HESE lists from Aart-
sen et al. (2014a, 2015, 2017a, p. 54), and Northern-
hemisphere muon track (MUONT) event lists from Aart-
sen et al. (2016b, 2017a, p. 30). For a few HESE alerts,
the estimated energy of the neutrino has not been pub-
lished; we then used the deposited charge (number of
photoelectrons) divided by 100 as a proxy for the energy
in TeV, cf. Aartsen et al. (2014a). Following Padovani
et al. (2016), we drop one MUONT event that was re-
tracted. Note that some MUONT events appear in the
EHEA list as well; we use the information from a more
recent EHEA catalog for them.
For the IceCube events, coordinate-wise intervals with
90% statistical coverage are reported in the published
data we use. In addition, there exist unpublished sys-
tematic errors in the determination of the arrival direc-
tions, related in particular, but not exclusively, to the
lack of knowledge of ice properties. These errors de-
pend not only on the arrival direction but also on the
part of the installation where the neutrinos land and are,
therefore, hard to model. With the exception of a few
events — see, e.g., Kankare et al. (2019) — only statisti-
cal errors are provided for the published IceCube arrival
directions; whereas for good-resolution events the con-
tribution of these systematic errors can be important.
The absolute IceCube pointing error was estimated by
Aartsen et al. (2014b) as . 0.2◦; however, the same pa-
per states explicitly that smaller or larger errors may
correspond to the events selected in particular neutrino
analyses. Further, a contribution to the systematic er-
ror comes from the choice of the reconstruction proce-
dure and may be estimated by comparison between the
arrival directions of one and the same event obtained
with different analyses. We found seven events whose
arrival directions were published both in the EHEA and
MUONT analyses, see the references above; the mean
difference between the arrival directions in these two
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reconstruction was ≈ 0.25◦. Having no systematic er-
rors published, we use as a guidance the published Ice-
Cube upper limit of 1.0◦ (IceCube Collaboration 2013)
on the systematic uncertainty of the arrival directions
of high-energy muon tracks and further refine this value
by means of the procedure defined in Section 3.
Therefore, our sample of the IceCube high-energy neu-
trinos includes 56 events with E > 200 TeV, known
arrival directions, 90% confidence level (CL) statistical
uncertainty ellipses on the celestial sphere, and arrival
times. These events are listed in Table 1 and shown in
Figure 1. Note that a significant part of the events is not
astrophysical: even at high energies, the atmospheric
background is essential. For instance, the expected frac-
tion of non-astrophysical events in the EHEA sample,
assuming E−2 astrophysical spectrum, is 32% (Aartsen
et al. 2017b); for a softer assumed spectrum or for other
event classes the background contribution is even larger.
We also note that up till now neither Baikal-GVD nor
ANTARES have published detailed information on track
events above 200 TeV.
2.2. VLBI Observations of AGN
For our analysis, we used 8 GHz VLBI observations
compiled in the Astrogeo6 database, comprising the vis-
ibility data and images acquired from geodetic VLBI
observations (Petrov et al. 2009; Pushkarev & Kovalev
2012; Piner et al. 2012), the Very Long Baseline Array
(VLBA) calibrator surveys (VCS; Beasley et al. 2002;
Fomalont et al. 2003; Petrov et al. 2005, 2006; Kovalev
et al. 2007; Petrov et al. 2008; Petrov 2017; Gordon et al.
2016), together with other 8 GHz global VLBI, VLBA,
EVN (the European VLBI Network), and LBA (the
Australian Long Baseline Array) observations (Petrov
et al. 2011a; Petrov 2011; Petrov et al. 2011b; Petrov
2012, 2013; Schinzel et al. 2015; Shu et al. 2017; Petrov
et al. 2019). Their positions are determined and pre-
sented within the VLBI-based Radio Fundamental Cat-
alogue7 (RFC). We note that a special effort was made
by the VCS program observations to compile a com-
plete sub-sample of AGN limited by the flux density in-
tegrated over VLBI images SVLBI8GHz > 150 mJy at 8 GHz,
and a similar effort was made with LBA observations.
This complete sample consists of 3388 objects. The re-
sulting sky coverage is shown with grey dots in Figure 1.
Note that the image database and the catalog con-
tain the data for other wavelengths (2.3, 5, 15, 22 GHz)
as well, and go down to lower flux density levels at
8 GHz. Altogether, the VLBI catalog contains the mea-
6 http://astrogeo.org/vlbi images/
7 http://astrogeo.org/vlbi/solutions/rfc 2019c/
surements for more than 16 000 AGN. However, the only
deep statistically complete sample is the aforementioned
one. Most of the other wavelengths lack the data below
−30◦ declination. The 15 GHz band is complete thanks
to the MOJAVE project (Lister et al. 2019) but only
down to SVLBI15GHz = 1.5 Jy. Generally, samples at different
bands might be biased, e.g., towards γ-ray selected AGN
(e.g., Schinzel et al. 2015; Lister et al. 2018), AGN seen
through the galactic plane (Petrov et al. 2011a; Petrov
2012), or optically bright AGN (Petrov 2011, 2013). The
22 GHz sample might be biased towards the most com-
pact AGN selected to serve for the high-frequency re-
alization of the celestial reference frame (Charlot et al.
2010). That is why, to achieve the most robust results,
we use only the 8 GHz sample in our statistical studies.
In our analysis, we use the flux density integrated over
VLBI images of AGN and call it throughout the pa-
per the “VLBI flux density.” For most of the Doppler-
boosted AGN that comprise our sample, it is dominated
by emission of the apparent parsec-scale jet base, see our
detailed discussion in Section 4.1. For the objects im-
aged by VLBI at more than one epoch, the average of all
the measurements is used in the analysis. The number of
the observations per source ranges from 1 to more than
150, with a median of 5. The average we use through-
out this paper is the geometric mean (or, equivalently,
the arithmetic mean of logarithms) because the range
of flux densities can cover several orders of magnitude,
and relative differences are important.
2.3. RATAN-600 AGN Monitoring
The Russian RATAN-600 radio telescope (Korolkov &
Pariiskii 1979) of the Special Astrophysical Observatory
has been monitoring at 1-22 GHz a sample of AGN se-
lected on their VLBI flux density since late 1980s. The
details of these observations, the data analysis, the ob-
serving sample, and the results can be found in Kovalev
(1997); Kovalev et al. (1999, 2000, 2002). The mea-
surements of a target at a given observing epoch occur
simultaneously at 1, 2, 5, 8, 11, and 22 GHz. For the
analysis in this paper, we drop the lowest two frequen-
cies since they are often affected by Radio Frequency
Interference (RFI), which became stronger during the
years used in this paper: 2009 – 2019, inclusive.
The RATAN observing sample was originally selected
on the basis of the correlated VLBI flux density mea-
surements by Preston et al. (1985) and was later sup-
plemented with new objects found by the VCS survey.
Thus, the sample contains AGN with strong parsec-
scale radio jets and has good completeness character-
istics down to SVLBI8GHz ≈ 0.4 Jy. Due to the ring shape
and the transit observing mode of the telescope, the best
The origin of high-energy neutrinos in AGN 5
-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
-75°
-60°
-45°
-30°
-15°
0°
15°
30°
45°
60°
75°
0506 + 056
1730 130
1741 038
2145 + 067
1253 055
12h14h16h18h20h22h0h2h4h6h8h10h12h
RA
DEC
0.15 0.2 0.5 1.0 2.0 5.0 10.0 15.0
VLBI flux density, Jy
Figure 1. IceCube event locations on the sky, represented by blue ellipses. Dark blue ellipses are the original reported positional
error regions, light blue ones are enlarged to account for unknown systematics according to our analysis, see Section 3.1 for
details and Section 2.1 for the event sample selection. Stars represent all AGN within neutrino error regions from our complete
VLBI sample of AGN. Color represents the 8 GHz flux density integrated over the VLBI images of these AGN. Members of
the complete 8-GHz VLBI sample down to 150 mJy located outside the ellipses are shown by grey dots. The shown object
names denote four AGN with the strongest parsec-scales jets that are the most probable neutrino associations according to our
analysis: 1253−055 (3C 279), 1730−130 (NRAO 530), PKS 1741−038, and 2145+067 (OR 103). We also show the location of
the first neutrino association TXS 0506+056.
monitored part of the sample, with 3-4 epochs per year,
is restricted to a declination range from −30◦ to +43◦.
This range covers almost all of the IceCube high-energy
track events in our sample. The full RATAN-600 dataset
we use in our analysis has 1099 sources observed at least
five times, 758 of which observed at least ten times.
There is a rich multi-frequency dataset produced by
the F-GAMMA AGN broad-band spectrum monitoring
program (Fuhrmann et al. 2016). Unfortunately, the
published data cover the period until 2015 only (An-
gelakis et al. 2019). This is not long enough for our
analysis since many neutrino events were collected after
2015. We have not used these data in the paper.
3. STATISTICAL ANALYSIS
3.1. Flux Density of AGN Radio Emission from
Parsec Scales
We use the average historic VLBI flux density of AGN
(Section 2.2) to determine whether neutrino-emitting
ones tend to be stronger in terms of their radio emission
from compact parsec-scale central regions. We average
the flux density over all the sources lying inside the er-
ror regions of IceCube events and take this value as the
test statistic v. Then we test if it is significantly higher
than could arise by chance for randomly-selected AGN.
A Monte-Carlo method is employed for this testing in
the following way:
• Compute the statistic of interest using real posi-
tions of IceCube events. Denote its value as vreal.
• Repeat N = 10000 times the following:
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Figure 2. Distribution of angular distances between AGN
and the corresponding neutrino events. Color differentiates
AGN inside the IceCube statistical error regions (green, 11
objects) and those inside the regions enlarged to account
for unknown systematic errors (orange, 36 objects), see Sec-
tion 3.1. Vertical lines represent the four strongest AGN
distinguished by our analysis (see Figure 4).
– Shift IceCube events to random right ascen-
sion coordinates, keeping declinations and er-
ror regions unchanged8;
– Compute the same statistic for these ran-
domly shifted events in place of real ones.
Denote this value vi, 1 ≤ i ≤ N .
• The empirical distribution of vi represents the
test statistic distribution under the null hypoth-
esis that the statistic is not related to detected
neutrinos. We compute confidence intervals for
the null, which are shown in our plots later, using
the quantiles of this distribution.
• Count random realizations with values not lower
than the real one: M =
∑
i[vi ≥ vreal] (flip the
sign to test the difference in the opposite direc-
tion). Calculate the p-value, defined as the prob-
8 For the South Pole location of IceCube, this is equivalent to ran-
domizing the sidereal arrival time of the event. To a good ap-
proximation, the sensitivity of the experiment depends on the
zenith angle only (Aartsen et al. 2017), and constant zenith an-
gles correspond to constant declinations. Note certain drawbacks
of this method for the cases when reshuffled error ellipses overlap
with original ones, especially close to Celestial poles; however,
for our purposes, this would result in a conservative estimate of
the chance of random coincidence because any possible true cor-
relation would only increase the background estimated in this
way.
ability of a chance coincidence, as
p =
M + 1
N + 1
following Davison & Hinkley (2013).
To implement this procedure, we need to specify error
regions for each event. We start with 90% coordinate-
wise statistical uncertainties in Right Ascension and
Declination reported for IceCube events and transform
them to obtain two-dimensional 90% coverage regions.
Specifically, we multiply the coordinate-wise errors by
the ratio of 90% quantiles of two- and one-dimensional
Gaussian distributions:
√− log (1− 0.9)
erf−1(0.9)
≈ 1.30. This
leads to regions bounded by four quarters of ellipses, as
IceCube reports two-sided uncertainties for each coordi-
nate.
Next we need to account for systematic errors in Ice-
Cube event positions. As mentioned in Section 2.1, these
errors are always present but their values are not pub-
lished. Thus, we choose to introduce the systematic er-
ror magnitude as a free parameter — same for all events
and directions on the sky — and determine its optimal
value. This is implemented by a procedure commonly
used in particle and astroparticle physics, (see, e.g., for
its application to cosmic-ray arrival directions Tinyakov
& Tkachev 2004). The procedure consists of trying mul-
tiple values of the unknown parameter to select one with
the strongest signal. If done naively, this is affected by
the multiple comparisons issue: for K trials, one ex-
pects to obtain a p-value as low as 1/K at least once
just by a statistical fluctuation. Thus, to ensure an un-
biased post-trial result a correction is needed. We use
a Monte-Carlo procedure to account for multiple trials
in fitting the unknown parameter. First, the pre-trial
p-value is computed as follows:
• For each assumed value of the systematic error
0 ≤ x ≤ 1◦ (we take 11 values spaced by 0.1◦)
compute the raw p-value as described at the begin-
ning of this section. The only difference is that the
error regions of all events are increased by linearly
adding x in all directions. Denote these p-values
as pj , j = 1, . . . 11.
• Take the minimum of those pj values, which corre-
sponds to the value of x giving the most significant
flux density difference. This minimum is called the
pre-trial p-value.
The final post-trial p-value is calculated by repeating
these steps for artificial Monte-Carlo samples to deter-
mine how often they yield a lower p (a more significant
difference) by a chance fluctuation. This approach is
equivalent to plugging the pre-trial p-value as the test
statistic v into the Monte-Carlo testing method outlined
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Figure 3. Average of VLBI flux densities for AGN inside
the IceCube error regions shown as a black triangle in com-
parison to 68% Monte-Carlo interval (blue horizontal line) for
randomly-shifted events. Flux densities for individual AGN
inside the error regions are also shown as vertical black ticks
for information.
above. The computed post-trial p-value is thus unaf-
fected by the multiple comparisons issue.
This approach results in the chance probability p =
0.2% of the average flux density of AGN around Ice-
Cube detections being as high as observed; thus, we con-
clude that the effect is significant. The minimum pre-
trial p-value is 0.09% obtained for the additional error of
x = 0.5◦. This x can be interpreted as a rough estimate
of IceCube systematic errors, though more knowledge
about the distribution of statistical uncertainty than
available in the event catalogs is required to study it
in more detail. We note that our result is in a very good
agreement with the independent IceCube systematic er-
rors estimate, < 1◦, discussed in Section 2.1. Further in
this subsection and in Figures 1, 2, and 3, we use the
statistical error regions enlarged by this value, x = 0.5◦.
Figure 1 demonstrates IceCube events on the sky to-
gether with AGN from our complete sample. Figure 2
specifically illustrates changes in the number of AGN
and in the angular distance distribution when taking
systematic errors into account. Figure 3 compares the
average of actual VLBI flux density values for AGN
within the neutrino error regions to Monte-Carlo real-
izations of this average for randomly-shifted positions of
neutrino events. This figure highlights that the actual
AGN being selected as possible neutrino counterparts
are, on average, stronger on parsec scales. Note that
the same analysis we performed for AGN observations
at 2, 5, 15, and 22 GHz resulted in a similar outcome.
However, we do not use these results here because only
the 8 GHz VLBI sample has the desired completeness
as discussed in Section 2.2.
We stress that VLBI observations are crucial for this
result. This can be illustrated by repeating the same
analysis for the NVSS (NRAO VLA Sky Survey, Con-
don et al. 1998) catalog containing a complete sample
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Figure 4. Significance level of AGN within IceCube error
regions being stronger in terms of VLBI flux density when
removing up to four strongest sources from the analysis. Hor-
izontal lines indicate significance levels corresponding to 2σ
and 3σ difference for a Gaussian distribution.
of 2 million radio sources without selection by the com-
pact VLBI component. We find that it does not show
any significant difference in flux density between the
sources inside IceCube error regions and randomly se-
lected ones. However, limiting this analysis to the inter-
section of NVSS and our 8 GHz VLBI complete sample
(2919 sources) leads to a marginally significant difference
in NVSS flux density: minimum pre-trial p-value is 2%.
This effect does not appear when analysing the same
number of sources selected as strongest by NVSS flux
density itself. It would be interesting to analyze VLASS
(VLA Sky Survey, Myers & VLASS Survey Team 2018)
in this way when the data become available, as it has
higher sensitivity and resolution compared to NVSS, and
probes scales closer to those of VLBI.
Now, after we have established that neutrino-emitting
AGN have stronger compact radio emission than av-
erage, the next logical step is to estimate how many
sources drive this effect. We repeat our analysis drop-
ping the strongest sources in terms of their flux den-
sity one by one until the significance disappears, as
illustrated in Figure 4. The p-value rises above 5%
level when four objects are removed, and we interpret
this as a lower bound on the number of AGN likely
emitting high-energy neutrinos. The four strongest
sources are 1253−055 (3C 279), 2145+067 (OR 103),
PKS 1741−038, and 1730−130 (NRAO 530). See Ta-
ble 2 for their properties. None of these AGN has been
singled out as sources of the observed IceCube neutrinos
in the literature before. We show their names in all the
plots containing individual sources: Figures 1, 2, and 3
Note that the TXS 0506+056 blazar possibly associ-
ated with neutrino detection 170922A (Aartsen et al.
2018a) is not among those four AGN. Its average VLBI
flux density from 13 observing epochs in 1995-2018 is
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only 0.4 Jy, not much higher than the average in the
whole sample. However, its single-dish and VLBI flux
density rose up to more than 1.5 Jy by 2019 (e.g., Ros
et al. 2020; Kovalev et al. 2020, see also public MO-
JAVE 15 GHz VLBA data9). Another notable AGN
not included in these four strongest AGN is the quasar
PKS 1502+106 (e.g., Abdo et al. 2010) directionally co-
incident to a recent IceCube event 190730A (Taboada
& Stein 2019). Its average VLBI flux density from 17
epochs in 2001-2018 is 1.5 Jy; whereas its flux density
rose in 2019 according to the Ovens Valley Radio Ob-
servatory (OVRO, Kiehlmann et al. 2019), MOJAVE
observations10, and RATAN-600 (Table 3) to the level
of 3-4 Jy. This suggests that the four brightest AGN
listed above as the most probable neutrino associations
do not exhaust neutrino sources in the VLBI-selected
AGN list. This may partly be due to the historic aver-
age VLBI flux density values being used. Evidently, the
next step should be a temporal correlation analysis.
3.2. Temporal Correlations of Radio and Neutrino
Observations
It is expected (see, e.g., Murase 2017) that neutrinos
can be associated with flares in central regions of AGN
— the immediate vicinity of the black hole or parts of
the jet close to its origin. The studies of TXS 0506+056
(e.g., Aartsen et al. 2018a; Kovalev et al. 2020; Ros
et al. 2020) support this prediction, however it has not
been confirmed yet for larger samples of AGN. We ap-
proach the problem of associating neutrino to flares with
a search for an excess in the radio flux density from AGN
in temporal coincidence with IceCube neutrino events.
We study the correlation of radio variability with neu-
trino detections by employing the RATAN-600 AGN
monitoring data covering the time range 2009-2019, in-
clusive (Section 2.3). The dataset does not depend in
any way on the VLBI measurements used in the previ-
ous subsection, so the following analysis represents an
independent test of AGN being sources of E > 200 TeV
neutrinos. We chose to use the observations at the high-
est RATAN frequency of 22 GHz for our statistical anal-
ysis, as flares are typically more pronounced at shorter
wavelengths due to synchrotron opacity effects, see Sec-
tion 4.1 for details.
For each source within the IceCube error regions, we
compute the radio activity index Rt=022GHz defined as the
ratio of average RATAN flux density within a ∆T win-
9 http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/
0506+056.shtml
10 http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/
1502+106.shtml
dow (i.e., ±∆T/2) around neutrino detection to the av-
erage value outside of this time range. Then the ratios
Rt=022GHz corresponding to all the sources within the error
regions are averaged to form a single number — the test
statistic. This value being higher than can be expected
from statistical fluctuations would mean that neutrinos
do correlate with flares seen in radio observations. We
test this hypothesis in the very same way as described in
Section 3.1: plug Rt=022GHz as the test statistic v and use
an additional trial range of 0.1 yr ≤ ∆T ≤ 2 yr with
20 values spaced by 0.1 yr. The post-trial p-value is
5%, which is not strongly significant, but, in the con-
text of our results in Section 3.1, can definitely be con-
sidered suggestive. For comparison, the minimum raw
pre-trial p-value is 1% obtained at ∆T = 0.9 yr and ad-
ditional positional error of neutrino events equal to 0.7◦.
We list the ratio Rt=022GHz for each AGN in Table 3 us-
ing these values of ∆T and positional error. Note that
the temporal correlation is less statistically significant
than the average VLBI flux density difference analyzed
in Section 3.1, which is expected: there are much fewer
AGN in the RATAN monitoring program compared to
the complete VLBI sample.
It is worth noting that the optimal value for the sys-
tematic error in Section 3.1 was slightly different, 0.5◦.
This is a perfect illustration of the statistical nature of
our approach. Indeed, the analyses in Section 3.1 and
Section 3.2 are based on completely different sets of ra-
dio data and, because of the smaller number of moni-
tored sources, only a subset of our neutrino sample con-
tributed to the second analysis. As we have already
pointed out, see Section 2.1, the IceCube systematic er-
rors vary from event to event but we do not take this
variation into account. Consequently, one expects a cer-
tain difference between average systematic errors for dif-
ferent sets of events. This is precisely what we observe:
the values of additional errors determined in two anal-
yses are different but are close to each other. This rep-
resents an additional consistency check for our analysis.
Because of slightly larger error regions for the variability
study, one neutrino event and three sources not present
in Table 2 contribute to the results of this subsection,
see Table 3.
To visualize the correlation, we compute the activity
index Rt for different time lags: RATAN-600 measure-
ments for all the sources are artificially shifted in time by
t, whereas neutrino detection dates stay fixed. Note that
the shifting is done for illustration only and is not used
in the statistical analysis: Rt=0 already incorporates ob-
servations at all epochs in the form of averaging, and
other Rt are not independent of it. We show the ratio
Rt averaged across all AGN versus time lag for the four
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Table 2. IceCube high-energy neutrino events positionally associated with VLBI-compact AGN
IceCube event AGN
Date Category E Name z SVLBI8GHz d d− errevent γ-ray Flux
(TeV) B1950 J2000 (Jy) (◦) (◦) (10−9cm−2s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
2010-10-09 EHEA 660
2201+098 J2203+1007 1.00 0.20 0.99 0.23 · · ·
2157+102 J2200+1030 · · · 0.19 1.20 0.33 0.24
2010-11-13 MUONT 520
1855+031 J1858+0313 · · · 0.68 1.44 0.00 · · ·
1853+027 J1855+0251 · · · 0.16 2.07 0.19 · · ·
2011-07-14 HESEA 253 0429+415 J0432+4138 1.02 1.39 1.34 0.41 · · ·
2011-09-30 EHEA · · · 1741-038 J1743-0350 1.05 4.04 0.75 0.00 0.36
2012-05-23 EHEA · · · 1123+264 J1125+2610 2.35 0.88 0.44 0.00 · · ·
2012-09-22 EHEA · · · 0435+217 J0438+2153 1.30 0.20 2.30 0.49 0.30
2012-10-11 EHEA 210 1337-013 J1340-0137 1.62 0.21 0.79 0.11 0.33
2013-06-27 HESEA 200 0611+131 J0613+1306 0.74 0.33 0.91 0.00 · · ·
2013-10-14 MUONT 390 0208+106 J0211+1051 0.20 0.66 0.67 0.22 5.32
2013-10-23 EHEA · · · 2007+131 J2009+1318 · · · 0.18 1.89 0.36 · · ·
2013-12-04 EHEA · · · 1909-151 J1912-1504 · · · 0.31 1.36 0.23 · · ·
1914-154 J1916-1519 · · · 0.18 1.07 0.01 0.36
2014-01-08 EHEA · · · 2256+017 J2258+0203 2.66 0.18 0.53 0.05 · · ·
2014-02-03 EHEA · · · 2325-150 J2327-1447 2.46 0.53 2.58 0.08 · · ·
2015-01-27 MUONT 210 0643+057 J0645+0541 · · · 0.16 1.48 0.48 · · ·
2015-08-12 EHEA 380
2145+067 J2148+0657 0.99 6.60 1.38 0.41 0.22
2149+069 J2151+0709 1.36 0.89 1.00 0.39 · · ·
2149+056 J2151+0552 0.74 0.50 0.44 0.00 · · ·
2015-08-31 EHEA · · · 0333+321 J0336+3218 1.26 1.62 1.76 0.29 0.46
2015-09-04 MUONT 220 0849+287 J0852+2833 1.28 0.33 1.03 0.38 0.19
2015-09-26 EHEA · · · 1253-055 J1256-0547 0.54 15.38 1.52 0.26 24.53
2015-11-14 MUONT 740 0459+135 J0502+1338 0.45 0.64 1.22 0.39 0.31
2016-01-28 EHEA · · ·
1730-130 J1733-1304 0.90 3.98 1.71 0.43 6.66
1735-150 J1738-1503 · · · 0.18 1.14 0.00 · · ·
1739-152 J1742-1517 · · · 0.17 2.13 0.47 0.39
2016-03-31 MUONT 380 0103+156 J0105+1553 · · · 0.20 0.88 0.31 · · ·
2017-03-21 EHEA · · · 0629-141 J0631-1410 1.02 0.55 0.96 0.00 · · ·
0628-133 J0630-1323 1.02 0.34 1.72 0.17 · · ·
2017-09-22 EHEA 290 0506+056 J0509+0541 0.34 0.42 0.08 0.00 5.99
2017-11-06 EHEA · · · 2235+071 J2238+0724 1.01 0.22 0.45 0.00 · · ·
2018-09-08 EHEA · · · 0943-016 J0945-0153 2.37 0.26 1.87 0.00 · · ·
2019-07-30 GOLD 299
1502+106 J1504+1029 1.84 1.46 0.31 0.00 19.01
1451+106 J1453+1025 1.77 0.19 2.32 0.49 · · ·
1500+094 J1503+0917 · · · 0.18 1.17 0.01 · · ·
Note— AGN from the complete VLBI sample that fall into the error regions of IceCube high-energy neutrino detections
assuming the systematic error of 0.5◦. See Section 2.2 for the characteristics of the VLBI sample, Section 2.1 for IceCube events
selection criteria and category notations, and Section 3.1 for details on how we estimate the systematic uncertainty. If several
AGN from our sample are found within the error region of a given event, we list them all in order of decreasing VLBI flux
density. The four most probable neutrino associations from the analysis of historic average VLBI flux densities are shown by
the boldface font, see Section 3.1 for details. Columns are as follows: (1), (2), (3) IceCube event parameters; (4), (5) AGN name
in B1950 and J2000 formats; (6) Redshift taken from NASA/IPAC Extragalactic Database; (7) Average VLBI flux density at 8
GHz; (8) Angular separation on the sky between the AGN and corresponding IceCube event; (9) Angular separation between
the AGN and the 90% statistical uncertainty ellipse of the corresponding IceCube event; (10) Gamma ray (1-100 GeV) flux of
the AGN as measured by Fermi LAT (Abdollahi et al. 2020).
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Table 3. AGN within IceCube events error regions monitored by RATAN-600
IceCube event AGN
Date Category E Name z # of
Epochs
SRATAN22GHz R
t=0
22GHz d d− errevent γ-ray Flux
(TeV) B1950 J2000 (Jy) (◦) (◦) (10−9cm−2s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
2011-07-14 HESEA 253
0429+415 J0432+4138 1.02 38 1.11 1.06 1.34 0.41 · · ·
a0424+414 J0427+4133 · · · 8 0.37 1.22 1.41 0.53 · · ·
2011-09-30 EHEA · · · 1741-038 J1743-0350 1.05 38 3.40 1.37 0.75 0.00 0.36
2012-05-23 EHEA · · · 1123+264 J1125+2610 2.35 32 0.58 1.26 0.44 0.00 · · ·
2013-06-27 HESEA 200 0611+131 J0613+1306 0.74 17 0.31 1.42 0.91 0.00 · · ·
2014-01-08 EHEA · · · 2256+017 J2258+0203 2.66 24 0.25 2.01 0.53 0.05 · · ·
2014-02-03 EHEA · · · 2325-150 J2327-1447 2.46 25 0.40 1.92 2.58 0.08 · · ·
2015-08-12 EHEA 380
2145+067 J2148+0657 0.99 40 2.55 1.16 1.38 0.41 0.22
2149+069 J2151+0709 1.36 27 0.55 0.93 1.00 0.39 · · ·
2149+056 J2151+0552 0.74 27 0.31 0.92 0.44 0.00 · · ·
2015-08-31 EHEA · · · 0333+321 J0336+3218 1.26 41 1.54 0.63 1.76 0.29 0.46
2015-09-26 EHEA · · · 1253-055 J1256-0547 0.54 42 17.10 1.01 1.52 0.26 24.53
2015-11-14 MUONT 740 0459+135 J0502+1338 0.45 32 0.41 1.32 1.22 0.39 0.31
2016-01-28 EHEA · · · 1730-130 J1733-1304 0.90 41 3.68 0.84 1.71 0.43 6.66
2017-09-22 EHEA 290
a0502+049 J0505+0459 0.95 26 0.65 1.34 1.30 0.63 6.56
0506+056 J0509+0541 0.34 36 0.45 1.59 0.08 0.00 5.99
2018-10-23 EHEA · · · a1749-101 J1752-1011 · · · 29 0.29 1.68 2.58 0.62 0.49
2019-07-30 GOLD 299 1502+106 J1504+1029 1.84 35 1.45 3.14 0.31 0.00 19.01
Note— AGN from the RATAN-600 monitoring program which fall into the error regions of IceCube high-energy neutrino
detections assuming the systematic error of 0.7◦. See Section 2.3 for the monitoring program characteristics, Section 2.1
for IceCube events selection criteria and category notations, and Section 3.2 for details on how we estimate the systematic
uncertainty. If several AGN from the monitoring program are found within an error region of a given event, we list them all
ordered by decreasing average flux density.
Columns are as follows: (1) — (6) and (10) — (12) Same as corresponding columns in Table 2; (7) Number of observations by
RATAN-600 from 2009 to 2019; (8) Average flux density at 22 GHz; (9) Ratio of the average flux density within 0.9 yr (i.e.,
±0.5 yr) around the corresponding IceCube event to the average outside of this period.
aSources absent in Table 2 due to slightly different assumed systematic errors.
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(a) All sources: 18 AGN close to neutrino events.
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(b) Without the four strongest sources (see Table 2): 1253−055,
1730−130, 1741−038, and 2145+067.
Figure 5. Ratio of RATAN-600 flux densities averaged over a 0.9 yr window to the average flux density outside it. Each point
of the curve represents this ratio averaged across all AGN inside neutrino error regions versus the time delay between a 0.9 yr
window center and the corresponding IceCube event. Filled areas correspond to curves of the same color and indicate pointwise
68% intervals of Monte-Carlo realizations for randomly shifted neutrino event positions.
frequency bands of 5, 8, 11, and 22 GHz in Figure 5.
The values of ∆T and additional positional errors are
those giving the lowest p-value for the zero-delay com-
parison, as explained above. This plot indicates that at
the highest frequencies, 22 GHz and to a lesser extent
11 GHz, there is a pronounced peak around zero delay,
whereas no structure is visible at 8 and 5 GHz. This
is in a qualitative agreement with the nature of VLBI
parsec-scale jet radio emission, see Section 4 for a de-
tailed discussion.
As illustrated by Figure 5(a), the correlation we detect
happens on timescales of months. These are the small-
est scales we are able to probe here due to the cadence of
RATAN monitoring, so the question whether there is an
even stronger correlation at the days or weeks timescale
remains open. We stress that the RATAN-600 mon-
itoring sample was originally selected based on VLBI
observations, see Section 2.3. Extending this analysis to
datasets of other monitoring programs with different se-
lection criteria may thus require filtering their samples
by the VLBI flux density.
The correlation found in Section 3.1 is driven by four
particular strongest sources indicated in Table 2. To
make the test presented in this subsection independent
of their contribution, we remove these four sources and
repeat the analysis using the remaining 14 objects from
Table 3. This does not reduce the significance of the
temporal correlations, cf. Figure 5(b). Thus, we con-
clude that the temporal correlation is driven by addi-
tional AGN, not just those four distinguished by their
time-averaged VLBI flux density in Section 3.1. Flares
coinciding in time with neutrino detections were noted
before for two sources, PKS 1502+106 (Kiehlmann et al.
2019, has the highest activity index in our sample) and
TXS 0506+056 (e.g., Ros et al. 2020; Kovalev et al.
2020). Removing these two AGN in addition to the
four strongest ones reduces the corresponding signifi-
cance but the zero-lag peak in the correlation still re-
mains pronounced at the highest frequency of 22 GHz.
This suggests that there are other sources behind the
temporal correlation, even after dropping all those six.
We cannot reliably single out AGN responsible for this
correlation as we did with the average flux density due
to effectively less data but all of those with high values
of Rt=022GHz in Table 3 are of interest for further more
detailed studies.
4. INTERPRETATION AND DISCUSSION
4.1. Central Parsec-Scale Regions of Radio-Bright
AGN as Probable Production Sites of High-Energy
Neutrinos
Complete samples of AGN selected on the basis of
their parsec-scale flux density are dominated by jets ob-
served at small viewing angles of a few degrees with typ-
ical Doppler factor in the range of 3 to 10 (e.g., Lister
et al. 2019). Intrinsic opening angles of the jets are of
the order of 1◦ (Pushkarev et al. 2017). Their VLBI flux
density is dominated by the emission of the opaque core,
which is the apparent base of the jet (e.g., Kovalev et al.
2005; Pushkarev & Kovalev 2012). The core is located
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at a typical deprojected distance on the order of 10 pc
to the true nucleus (e.g., Pushkarev et al. 2012; Plavin
et al. 2019). Its variability dominates that of the total
radio flux density observed from AGN as confirmed ob-
servationally (e.g., Kovalev et al. 2005) and follows from
causality arguments.
Taken together with the results presented in the pre-
vious section, this implies that neutrinos are emitted
in narrow beams pointing to the observer. As a re-
sult, it is possible to detect these neutrinos at the Earth
from galaxies that reveal themselves as hosting bright
Doppler-boosted parsec-scale jets. We predict that an-
alyzing VLBI-selected samples will allow researchers to
find more of these AGN and associate neutrino produc-
tion to their activity. We note that similarly high VLBI
flux density is crucial for γ-ray associations as shown by
Kovalev (2009). The same beaming stands behind the γ-
ray activity of some of VLBI-selected AGN (Savolainen
et al. 2010; Lister et al. 2015; Stecker et al. 2019), de-
spite the fact that the origins of γ-rays and neutrinos
may not be directly related, see Section 4.2. A possi-
bility to detect AGN by VLBI, their γ-ray emission, or
neutrinos requires a narrow viewing angle to the axis of
the accretion disk – relativistic jet system. See also the
discussion in Section 4.2.
Significant correlation between the arrival dates of
neutrino events and an increase of the total radio flux
density is only seen at the highest frequency of 22 GHz
in Figure 5. This is easy to understand from the physics
of AGN jet synchrotron radiation. Our temporal anal-
ysis deals with the flux density values around the neu-
trino event normalized by the average flux density out-
side this time range (Table 3). The fraction of the core
radiation and the relative strength of the core flares in
total radio emission decrease with decreasing frequency
(Aller et al. 1992; Kovalev et al. 2002; Fuhrmann et al.
2016). This dependence is caused by the steep syn-
chrotron spectrum of extended optically thin weakly
variable jets and lobes (e.g., Hovatta et al. 2014), as
illustrated by analysis of continuum radio spectra (Ko-
valev et al. 1999, 2000, 2002). Additionally, while the ra-
dio frequency decreases, the core flares peak with an in-
creasing delay and have longer characteristic time scales
due to the synchrotron opacity effect. Note that the
peak at 11 GHz is weaker and slightly (about 1/4 yr)
delayed relative to 22 GHz, as expected, although we do
not assess statistical significance of this difference. We
expect that a similar temporal correlation with high-
energy neutrino events could be delivered by an analy-
sis of long-term single-dish monitoring observations of
large enough VLBI-selected AGN samples by OVRO
(Richards et al. 2011) at 15 GHz and Metsa¨hovi Radio
Observatory (Tera¨sranta et al. 2004) above 20 GHz.
The observed temporal coincidence can be considered
within the following scenario. An accreted material is
accelerated to relativistic velocity close to the central
super-massive black hole. As a result, high-energy pro-
tons are produced and generate neutrinos that begin
their way to the observer. At the same time, a plasma
blob starts propagating along the jet. It reaches the re-
gion where the jet is transparent to radio frequencies,
and the observer starts seeing a delayed synchrotron
flare. Observationally, we can limit the distance between
the black hole and the transparent regions to be up to
∼ 10 pc from opacity arguments (Pushkarev et al. 2012;
Plavin et al. 2019). Note that the typical apparent de-
lay in the observer’s frame is expected to be less than
several months due to the small viewing angle of the jet.
Compare with the discussion of the measured radio-γ-
ray delay in AGN (e.g., Pushkarev et al. 2010).
The analysis in Section 3.1 singles out four most prob-
able sources of neutrino events in our sample. However,
one can see from the values of R in Table 3 and from the
comparison of two panels in Figure 5 that these sources
did not have major month-scale flares at the time of the
neutrino arrival. This might be explained by a strong
emission of non-VLBI kpc-scale jet regions, which con-
tribute to the total flux density measured by RATAN
and smear out the radio activity index R. Another pos-
sible explanation is that the conditions in the cores of
these strongest AGN are capable to produce observable
neutrinos outside of the major flares. In the latter case,
additional neutrino events from the directions of these
sources, as well as from other sources with high VLBI
flux densities might be expected. 3C 279 is an interesting
example with a low R ≈ 1: we note that it underwent a
non-major flare within several months from the IceCube
event at 2015-09-26 (Larionov et al. 2020; Singh et al.
2020).
Once we have established that the central parsec-scale
regions of radio-bright AGN are the production sites of
at least a large part of the higher-energy (E > 200 TeV)
neutrinos detected by IceCube, we can now discuss im-
plications of this observation for particular models of the
neutrino origin.
4.2. Implications for Models and the Lack of γ-ray
Associations
The origin of high-energy astrophysical neutrinos from
pγ interactions in central parsecs of radio-bright active
galaxies, supported by our study, has various theoretical
grounds (see, e.g., Begelman et al. 1990; Stecker et al.
1991; Mannheim et al. 1992; Neronov & Semikoz 2002;
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Stecker 2013; Kalashev et al. 2015). At high energies, all
interactions of energetic protons with ambient radiation
or matter are dominated by the production of the light-
est strongly interacting particles, pi mesons. They carry
away most of the initial proton’s energy. The proba-
bilities to create one of three species of the mesons —
pi0,pi+, and pi− — are roughly equal. All mesons are
unstable particles and decay: the energy of charged pi±
is carried out mostly by neutrinos while that of every pi0
is split between two photons. These physical processes
are behind any non-exotic scenario of production of en-
ergetic astrophysical neutrinos above the proton rest en-
ergy of ∼ 1 GeV. They are inevitably accompanied, at
the production, by γ-rays of similar energies. Models of
neutrino production in AGN, therefore, require either
proton-proton (pp) or proton-photon (pγ) interactions
(see Eichler & Schramm 1978; Cerruti 2019, for the ear-
liest and the latest review, and further references). In
the central regions of radio-loud AGN, pγ interactions
are always dominant because of strong radiation fields
and relatively low target matter density (Sikora et al.
1987). The situation may be different in low-luminosity
AGN or in large-scale jets but both are disfavored by
our present results for energies above ∼ 200 TeV.
General features of the pγ scenario (see, e.g., Bo¨ttcher
2019; Cerruti 2019, and the references therein) are de-
rived from simple estimates for relevant particle-physics
processes. At the energies we are interested in, the pγ
reaction goes dominantly through the resonant produc-
tion of a ∆ baryon. Consequently, E′p and E
′
γ , the en-
ergies of p and γ in the frame of the production re-
gion, are related by E′pE
′
γ = m
2
∆, where the ∆ mass
m∆ ≈ 1.232 GeV. On the other hand, the kinematics
of the pi-meson production and decays provides the ap-
proximate relation for the energies of each of the three
produced neutrinos in the same frame, E′ν ≈ 0.05E′p.
These relations allow estimating the energies E′p and E
′
γ
required to obtain a neutrino with the observed energy
Eν as follows: E
′
p ≈ 4 PeV (Eν/200 TeV) (1 + z) δ−1,
E′γ ≈ 411 eV (200 TeV/Eν) (1 + z)−1 δ. Here z is the
cosmological redshift, and δ is the Doppler factor of the
region where neutrinos are produced.
The importance of the jet kinematics for the neutrino
observations, cf. the δ factor in those equations, is re-
vealed by our study but was predicted long before the
start of the IceCube observations. Ultrarelativistic mo-
menta of accelerated protons are inherited by the re-
action products, including neutrinos. In the observer’s
frame, they are additionally boosted by the Doppler fac-
tor of the jet bulk motion. This was pointed out by
Mannheim et al. (1992) and elaborated in detail, e.g., by
Neronov & Semikoz (2002). Interestingly, both papers
composed short lists of potential neutrino-loud AGN.
Each of them included one of the four brightest sources
from our Table 2.
The model of Mannheim et al. (1992), see also
Mannheim (1993), uses synchrotron target photons.
This normally results in too high neutrino energies: to
have enough energy to produce a pi meson on a soft syn-
chrotron photon, the initial proton should also be too
energetic itself. If this scenario explains the flux of neu-
trinos detected by IceCube at sub-PeV energies, then the
flux at higher energies, above a few PeV, should be even
higher. The predicted (Mannheim 1995) diffuse flux
from FSRQs is in a qualitative agreement with IceCube
observations at 200 TeV. However, at (104–105) TeV the
predictions are too high to agree with IceCube (Aartsen
et al. 2013b) and Auger (Aab et al. 2019) upper limits
on the diffuse neutrino flux.
The synchrotron radiation from lower-energy rela-
tivistic protons may contribute to the observed radio
emission of compact jets in AGN (Mannheim 1993; Kar-
dashev 2000; Kovalev et al. 2020) and be related to
the high-energy protons that produce neutrinos. At
the same time, explaining the full observed flux with
this mechanism would require a total power of acceler-
ated proton beam orders of magnitude higher than the
Eddington luminosity of a supermassive black hole in
the nucleus of an active galaxy (see, e.g., Diltz et al.
2015). Contrary, models of Stecker et al. (1991) and
Neronov & Semikoz (2002), further elaborated after first
IceCube observations by Stecker (2013) and Kalashev
et al. (2015), use the emission from the accretion disk
as the target for the pγ interactions. This leads to the
neutrino flux peaking at (102–103) TeV, the energies of
IceCube-detected neutrinos.
Next, the photon-photon cross section is two orders
of magnitude larger than the pγ one for relevant en-
ergies. This means that if pγ interactions are efficient
in a neutrino-production zone, then secondary energetic
γ-rays, accompanying the neutrino production, inter-
act even faster. They initiate electromagnetic cascades:
energetic protons produce e+e− pairs on the target
photon background, then these electrons and positrons
pass their energy again to ambient photons in inverse-
Compton scattering. These upscattered photons pro-
duce pairs again, and the process continues until either
the energy of photons falls below the pair-production
threshold, or the interaction length becomes larger than
the source size. These cascades, therefore, efficiently
transfer the energy of the γ-ray photons down to the
lower-energy band. No photons with energies similar to
those of neutrinos can escape from the neutrino produc-
tion region. Consequently, if strong γ-ray emission is
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observed from the same source, it may come from a dif-
ferent place than the neutrino emission and be produced
by means of a different mechanism. Any connection be-
tween them is indirect (see, e.g., Reimer et al. 2019, and
the reviews cited above). This is precisely what we ob-
serve in this study: the neutrino emission is found to be
related to the parsec-scale radio flux density, whereas
γ-ray fluxes of the radio-bright AGN from Table 2 dif-
fer by orders of magnitude even for the four strongest
radio sources that dominate the correlation. Explicit
conclusions on the relation between γ-ray and neutrino
fluxes depend crucially on the energies of target pho-
tons, cf. equations above, because they determine the
pair-production threshold energy. These E′γ may differ
significantly from one source to another. A quantitative
study of this question is beyond the scope of the present
work.
We see that our results agree well not only with the ob-
servational constraints but also with theoretical expecta-
tions. In the scenario favored by our observations, there
remains one important unconstrained element: how are
the protons accelerated in the direct vicinity of a black
hole? Among possible mechanisms are stochastic (Der-
mer et al. 1996) or electrostatic (Rieger & Mannheim
2000; Neronov et al. 2009; Istomin & Sol 2009; Ptitsyna
& Neronov 2016) ones. Detailed quantitative modeling
is necessary to understand whether the required pro-
ton energies can be obtained respectively in radio-bright
AGN. Simple estimates show that energy losses to the
neutrino-producing pγ interactions limit the maximal
energy of protons accelerated in the central regions of
FSRQs by ∼ (104 − 105) TeV (Sikora et al. 1987). This
is sufficient to explain even the highest-energy neutrinos
detected by IceCube. These energies are, however, much
lower than those required for ultra-high-energy cosmic
rays (UHECR). This agrees well with the lack of the
observed correlations between UHECR and neutrino ar-
rival directions (cf. Aublin et al. 2019; Palladino et al.
2019). Kiloparsec-scale jets, lobes, and hot spots, as
well as the central parts of low-luminosity active galax-
ies, are more probable UHECR acceleration sites (see,
e.g., Ptitsyna & Troitsky 2010).
4.3. Relation to Previous Statistical Studies and
Constraints
A possible lack of direct relation between neutrino and
γ-rays was formulated on general grounds in various pre-
vious studies and detailed for a particular blazar exam-
ple TXS 0506+056 (e.g., Gao et al. 2019; Petropoulou
et al. 2020). These considerations help to understand
the difference in the results between our study and a
number of other correlation and stacking analyses aimed
to figure out or to constrain plausible sources of Ice-
Cube neutrinos. Previous works mostly concentrated
on γ-ray selected AGN as potential candidate neutrino
sources (e.g., Padovani et al. 2016; Kadler et al. 2016;
Aartsen et al. 2017; Neronov et al. 2017; Palladino &
Vissani 2017; Righi et al. 2019; Krauß et al. 2018; Hu-
ber 2019). Constraints on the population of neutrino-
emitting AGN (e.g., Yuan et al. 2020) also select them by
their γ-ray luminosities. Contrary, our observations do
not imply that the γ-ray emission is necessarily a tracer
of the neutrino emission and select potential sources by
their VLBI radio flux.
Only in a few studies, arrival directions of high-energy
astrophysical neutrinos were compared to the positions
of AGN selected by other criteria than the γ-ray loud-
ness. Padovani et al. (2018) used various criteria re-
lated to the estimated power of large-scale jets, testing,
therefore, non-central parts of active galaxies, comple-
mentarily to our approach. Krauß et al. (2014); Kadler
et al. (2016) have studied VLBI properties and vari-
ability of AGN located within error regions of three
PeV events with large positional uncertainties on the
level of 10◦ (i.e., hundreds to thousand square degrees),
which precludes highly significant associations to be
made. Kun et al. (2017) selected flat-spectrum radio
quasars (FSRQ) by broadband radio-to-microwave spec-
tral properties. Though the class of sources tested and
the radio selection are common to their and to our study,
our present work differs in the key point: the use of the
VLBI flux density and a VLBI-selected statistically com-
plete sample. None of the previous studies of IceCube
neutrinos attempted to distinguish between central and
extended parts of AGN, like we do here.
The previous stacking analyses discussed in this sub-
section are sensitive to the selection of γ-ray bright ob-
jects, and are, therefore, complementary to ours. There
are statistical studies of another kind, which use neu-
trino events only. They are based on the search of
small-scale anisotropy (clustering) of neutrino arrival di-
rections, which allows one to constrain the number of
sources contributing to the observed neutrino flux. See
Dubovsky et al. (2000) for the description of the method-
ology in the cosmic-ray context, and Yuan et al. (2020)
for the most recent applications to high-energy neutri-
nos. Basically, if there are only a few neutrino sources
on the sky, the strongest or nearest of them would reveal
themselves by multiple events coming from the same di-
rection. It is not the case for IceCube detections: the
number of multiplets in the data is consistent with ran-
dom fluctuations. This results in a lower bound on the
number density of sources. AGN as bright as those four
selected in Section 3.1 are relatively rare. There are only
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26 AGN with a comparable level of historic VLBI flux
denisty. This might seem to be in tension with clustering
constrains. However, these constrains are relaxed if the
most energetic E > 200 TeV events are considered alone,
like we do in this study. Moreover, radio quasars exhibit
strong evolution with redshift, ∼ (1 + z)5, which helps
to relax the clustering constraints even further (Neronov
& Semikoz 2018).
We should mention one more general constraint on
the population of high-energy neutrino sources. It is
related to the accompanying photons co-created with
neutrinos in pi-meson decays. If not absorbed in the
source, energetic photons initiate electromagnetic cas-
cades, similar to those described in Section 4.2, on the
extragalactic background radiation (Nikishov 1962). As
a result, the energy initially emitted in the form of sub-
PeV or PeV photons contributes to the diffuse gamma
radiation in the ∼ 1− 100 GeV band, and is, therefore,
constrained from above by the Fermi LAT observations.
These constraints disfavor transparent extragalactic ob-
jects as sources of E . 100 TeV neutrinos observed by
IceCube. For a recent discussion, see, e.g., Ahlers &
Halzen (2018). Independently on the assumption about
the source opacity to γ-rays, these constraints are sat-
isfied for the E > 200 TeV hard component of the neu-
trino flux we study here.
We conclude that our results agree well with the pre-
vious observational studies and constraints.
5. SUMMARY
The aim of the present study is to test whether high-
energy neutrinos are produced in active galaxies and,
if so, to localize neutrino-emitting regions within them.
We analyze a set of 56 published IceCube events with
directional errors less than 10 deg2 and neutrino en-
ergies above 200 TeV. It is found that AGN direc-
tionally coincident with neutrino events within statis-
tical and systematic errors have, on average, higher his-
toric VLBI flux density compared to other AGN within
the all-sky complete flux-density-limited sample of 3388
sources. We estimate the significance of this correla-
tion by Monte-Carlo simulations and find the probabil-
ity to observe the excess as a random fluctuation to be
0.2 %. This includes a correction for multiple trials re-
lated to the unknown value of the IceCube systematic
error in arrival directions. The four particular bright-
est sources that dominate the observed correlation are
3C 279, NRAO 530, PKS 1741−038, and OR 103.
Further, we use the data from the RATAN-600 to-
tal radio flux density monitoring of VLBI-selected AGN
and demonstrate that periods of increased emission at
frequencies above 10 GHz correlate with neutrino de-
tections. This result remains significant even when the
four sources singled out by the average historic VLBI-
flux-density analysis are removed from the sample. This
means that other fainter AGN from the VLBI-selected
sample are also neutrino emitters. In particular, the
strongest flux density enhancement at the time of a neu-
trino event is observed for PKS 1502+106. This is a
probable source of the 2019-07-30 IceCube event but is
not among the four strongest objects discussed above.
For the first time, our study invokes the statistical
power of radio observations to the problem of high-
energy neutrino origin. We estimate systematic errors
of IceCube directions and account for them in the analy-
sis. The found systematic errors on the level of 0.5◦–0.7◦
are compatible with the sparse published information.
VLBI turns out to be the key to the high-energy neu-
trino associations. Altogether, these results suggest that
a significant part of the observed E & 200 TeV astro-
physical neutrinos are produced in the central parsec-
scale regions of radio-bright active galaxies with nar-
row Doppler-boosted relativistic jets pointing to the ob-
server. These potential neutrino sources are found to
have γ-ray fluxes that differ by more than two orders
of magnitude. This is expected if the neutrino produc-
tion region is opaque to energetic γ-rays due to pair-
production cascades.
The results of our study support models in which pro-
tons are accelerated in collimated beams close to the
central black hole of a powerful AGN and subsequently
interact with ambient radiation from the accretion disk.
Charged pi± mesons born in these interactions pass their
energy to E & 200 TeV neutrinos eventually detected at
the Earth, while accompanying neutral pi0 mesons decay
to energetic photons that cascade down to lower energies
in the same environment.
These results may be used in quantitative modeling of
the neutrino production taking into account their statis-
tical nature. We explicitly list several AGN probably as-
sociated with neutrinos, and show that there are likely
more in our sample. We estimate that there are only
around 26 astrophysical neutrinos in the dataset con-
sidering the fraction of non-astrophysical background
events (Section 2.1). Thus, the AGN singled out by
our analysis constitute a significant fraction of all high-
energy astrophysical neutrino emitters, though other
scenarios are not ruled out. In addition, the energy cut
E > 200 TeV selects only the highest-energy IceCube
events, so we might reveal only one of several popula-
tions of neutrino emitters.
Further observations will test and expand our find-
ings. For our selection cuts of neutrino events, we ex-
pect about five IceCube alerts per year assuming the cur-
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rently operated public alert system. Soon a similar num-
ber of track-like events will start coming from Baikal-
GVD. Moreover, liquid-water experiments, Baikal-GVD
and KM3NeT, will also provide cascade events with
good angular resolution. It is important to continue
monitoring VLBI-selected AGN with single dish radio
telescopes on a regular basis. Unfortunately, there is
a global trend to finish such projects including the
Michigan University program (Aller et al. 2017), the
F-GAMMA program (Angelakis et al. 2019), and pos-
sibly the OVRO program (Richards et al. 2011). Still
ongoing programs include RATAN-600 (Kovalev et al.
2002), Metsa¨hovi (Tera¨sranta et al. 2004), and POLAMI
(Agudo et al. 2017). Dedicated VLBI monitoring obser-
vations of VLBI-compact AGN selected from within the
neutrino positions immediately after alerts might help to
directly relate neutrino production to parsec-scale prop-
erties of corresponding synchrotron flares.
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